Background {#Sec1}
==========

Heterogeneity is a core feature of the ASD phenotype {#Sec2}
----------------------------------------------------

Autism spectrum disorder (ASD) is a common neurodevelopmental disorder, affecting \~1% of children and adults \[[@CR1]--[@CR4]\]. The core characteristics are impairments in social communication abilities, the presence of rigid, repetitive and stereotyped behaviours, and atypical sensory responses (DSM-5; \[[@CR5]\]). However, there is wide heterogeneity in clinical presentation, both in terms of symptom profiles and severity (hence the use of the term 'spectrum'; \[[@CR6]\]) and levels of intellectual and functional communication ability. Commonly associated conditions range from psychiatric symptoms, such as anxiety disorders and attention-deficit/hyperactivity disorder (ADHD) \[[@CR7]\] to medical conditions including epilepsy and gastrointestinal abnormalities \[[@CR8]\]. Heterogeneity is present both *between* individuals who fulfil the diagnostic criteria and *within* individuals across development \[[@CR9], [@CR10]\]. Decomposing this heterogeneity may get us closer to more precise inferences about which subsets of individuals are best characterised by different cognitive theories of ASD \[[@CR11]\]. Wide variability is also present at the level of aetiological mechanisms. Common genetic variants of small effect size are thought to accumulate and contribute towards enhanced risk, implicating a diverse range of biological pathways. Similarly, some rare genetic variants found in a small percentage of individuals are highly penetrant for ASD (i.e. copy number variants, single nucleotide variants) but also affect a diverse set of biological pathways \[[@CR12]--[@CR14]\]. Thus, the genomic landscape of risk mechanisms is highly diverse. Environmental factors as well as the interplay between genetic and environmental risk mechanisms are also likely important, though the magnitude of impact is still largely unknown \[[@CR15]\].

Heterogeneity within ASD is a challenge for basic science attempts to understand the pathophysiological and neurodevelopmental mechanisms that lead to the disorder and for the development of effective psychopharmacological or behavioural treatments \[[@CR16]\]. Decomposing heterogeneity across individuals and at multiple levels of analysis requires 'big data' approaches that are both 'broad' (i.e. large numbers of people) and 'deep', i.e. multiple levels of analysis within an individual---genetic and cellular architecture, brain structure and function, cognitive, behavioural, and clinical variation, assessing individuals across development, etc. \[[@CR17]\].

Variation of the ASD phenotype by sex, age and intellectual ability {#Sec3}
-------------------------------------------------------------------

ASD is at least three times more prevalent in males than females, and biological sex may be an important source of heterogeneity in ASD presentation. Lai and colleagues \[[@CR18]\] recently summarised research on sex differences in ASD, covering potential mechanisms underlying the sex differential liability to possible sex differences in brain structure and function. Other factors may also affect the recognition and presentation of ASD symptoms in males and females, including potentially different patterns or profiles of symptoms and 'compensatory' or 'masking' of symptoms in females \[[@CR18]\]. In addition, there is evidence from population studies that girls with similar levels of symptoms to boys are less likely to be diagnosed by community services \[[@CR19]\], unless there are more substantial behavioural or cognitive difficulties \[[@CR20]\]. In terms of clinical profile and behaviour, findings have been inconsistent. While a meta-analysis suggested lower levels of repetitive and restricted behaviours and interests (RRB) in females but comparable levels of social communication difficulties in males and females \[[@CR19], [@CR21]\], other studies have reported greater social communication difficulties and lower cognitive ability and adaptive function in females \[[@CR22], [@CR23]\]. Similarly, some studies have reported higher levels of anxiety in girls than boys with ASD and more externalising symptoms in boys \[[@CR24]--[@CR26]\]---but other studies have not \[[@CR7]\]. Comparisons across studies are compromised by differences between samples such as varying rates of intellectual disability.

Age is another potential source of heterogeneity in individuals with ASD. There are some reports of reductions in ASD symptoms over early childhood \[[@CR27]\] but also high variability in the trajectory over childhood and into early adolescence with some children showing stable high or low severity across development, while a minority significantly improve or worsen, respectively \[[@CR28]--[@CR33]\]. Several longitudinal studies have reported a reduction in ASD symptoms in adulthood, although functional outcomes for many individuals remain poor \[[@CR34]--[@CR36]\]. A number of longitudinal studies have reported lower levels of psychiatric symptoms in adolescence than in childhood \[[@CR37], [@CR38]\], and others have reported further reductions into adulthood \[[@CR39]\] and even throughout the adult life course \[[@CR40]\].

Variation in intellectual ability is included in DSM-5 as a 'clinical specifier', indicating its importance in driving heterogeneity of ASD. In many samples, lower IQ has been modestly but significantly associated with higher levels of ASD symptom severity \[[@CR41], [@CR42]\]. In contrast to the moderate association found in the general population between low IQ and increased levels of externalising disorders \[[@CR43], [@CR44]\], some studies have reported that in population-derived samples, this association was only present in adolescents (and not children) with ASD \[[@CR7], [@CR38]\]. A meta-analysis focusing on anxiety disorders in ASD revealed complex associations with IQ, finding that social anxiety was more common in studies with lower IQ samples but that obsessive-compulsive disorder and separation anxiety were higher in studies with higher IQ samples \[[@CR45]\].

Clinical characterisation of the EU-AIMS LEAP cohort {#Sec4}
----------------------------------------------------

As described in the companion paper \[[@CR46]\], as part of the EU-AIMS clinical research programme \[[@CR47]--[@CR49]\], we established the Longitudinal European Autism Project (LEAP). Here, we report on the baseline clinical assessment of the EU-AIMS LEAP cohort. The paper will first describe the cohort and its clinical characteristics. Then, taking advantage of the size and heterogeneity of the cohort, we will examine whether there are sex, age and IQ differences on measures of core ASD symptoms and levels of commonly co-occurring psychiatric symptoms.

Methods {#Sec5}
=======

Participants {#Sec6}
------------

In this multi-site study, participants were recruited between January 2014 and March 2017 across six European specialist ASD centres: Institute of Psychiatry, Psychology and Neuroscience, King's College London (IoPPN/KCL, UK), Autism Research Centre, University of Cambridge (UCAM, UK), University Medical Centre Utrecht (UMCU, Netherlands), Radboud University Nijmegen Medical Centre (RUNMC, Netherlands), Central Institute of Mental Health (CIMH, Germany) and the University Campus Bio-Medico (UCBM) in Rome, Italy (see Table [1](#Tab1){ref-type="table"} for recruitment information by site). In addition, twins discordant for ASD were recruited at Karolinska Institutet, Sweden---however, twins were not included in the case-control comparisons reported below. Participants were recruited from a variety of sources including existing volunteer databases, existing research cohorts, clinical referrals from local outpatient centres, special needs schools, mainstream schools and local communities. Based on parent- or self-reported ethnicity, most participants were Caucasian white (73%). The remaining participants were described as either of mixed race (6%), Asian (2%), black (1%) or other (2%). For 16% of participants information on ethnicity was either not provided (12%) or missing (4%). Annual household income was measured on an 8-point-scale ranging from \<£25,000 to \>£150,000, with the median annual household income being estimated at £30,000--£39,999. Highest household parental education was coded on a 5-point scale ranging from primary education to postgraduate qualifications; 61% of households had at least one parent with education beyond a high school diploma (i.e. with an undergraduate degree from university). At each site, an independent ethics committee approved the study. All participants (where appropriate) and their parent/legal guardian provided written informed consent.Table 1Number of participants recruited by each site according to schedule and diagnostic groupTotalAdultsAdolescentsChildrenMild IDASDTD/IDASDTDASDTDASDTDASDIDLondon (KCL)159895538411932143118Cambridge (UCAM)593417142210171030Mannheim (CIMH)36387520257820Nijmegen (RUNMC)117742413312832223011Rome (UCBM)22192119000010Utrecht (UMCU)444618201212131410Total43730014210912694101686829*ASD* autism spectrum disorder, *TD* typically developing, *Mild ID* intellectual disability

Inclusion/exclusion criteria {#Sec7}
----------------------------

Participant inclusion criteria for the ASD sample were an existing clinical diagnosis of ASD according to DSM-IV \[[@CR50]\], DSM-IV-TR \[[@CR51]\], DSM-5 \[[@CR5]\] or ICD-10 \[[@CR52]\] criteria and age between 6 and 30 years. ASD diagnoses were based on a comprehensive assessment of the participant's clinical history and/or current symptom profile, depending on when the participant was originally identified at that site. In addition, we assessed ASD symptoms using the Autism Diagnostic Observation Schedule (ADOS; \[[@CR53], [@CR54]\]) and the Autism Diagnostic Interview-Revised (ADI-R; \[[@CR55]\]). However, individuals with a clinical ASD diagnosis who did not reach cut-offs on these instruments were not excluded. Clinical judgement has been found to be more stable than scores on individual diagnostic instruments alone \[[@CR56]\], reflecting the moderate-to-good but still imperfect accuracy of such tools \[[@CR57]\].

Exclusion criteria included significant hearing or visual impairments not corrected by glasses or hearing aids, a history of alcohol and/or substance abuse or dependence in the past year and the presence of any MRI contraindications (e.g. metal implants, braces, claustrophobia) or failure to give informed written consent to MRI scanning (or to provide contact details for a primary care physician at centres where this is a pre-condition for scanning). Participants were purposively sampled to enable in depth experimental characterisation of potential biomarkers (including MRI scans). Therefore, we excluded individuals with low IQ (\<50) as core measures (e.g. most cognitive tasks and MRI scanning without sedation) were deemed difficult to administer in this group. Participants who did not complete an IQ assessment were excluded (controls: *n* = 7, ASD: *n* = 10). In the TD group, individuals who had a *T* score of 70 or higher on the self-report (1 adult) or parent-report form (1 adolescent, 3 children) of the Social Responsiveness Scale \[[@CR58]\] were also excluded.

In the ASD sample, psychiatric conditions (except for psychosis or bipolar disorder) were allowed as up to 70% of people with ASD have one or more psychiatric disorders \[[@CR7]\] and reflect DSM-5 that allows co-occurring psychiatric disorders alongside an ASD diagnosis \[[@CR5]\]. In future individual biomarker analyses, additional exclusion criteria or sub-grouping may then be applied (e.g. ADI-R cut-offs, medication-free, etc.).

Exclusion criteria of the TD/ID group were the same as described above for the ASD participants with the exception that in the TD group parent- or (where appropriate) self-report of a psychiatric disorder was also an exclusion criteria.

Study schedules {#Sec8}
---------------

Participants were split into four study schedules depending on their age and cognitive ability level. Three schedules included individuals with IQ in the typical range (≥75) (*children*: aged 6--11 years, *adolescents*: aged 12--17 years and *adults*: aged 18--30 years). At two sites (KCL, RUNMC)[1](#Fn1){ref-type="fn"}, adolescents and adults (aged 12--30 years) with ASD and mild intellectual disabilities (mild ID; defined by IQ between 50 and 74[2](#Fn2){ref-type="fn"}) were also recruited alongside age- and IQ-matched individuals without ASD (*mild ID* group). Each schedule received a tailored and largely comparable study protocol to take into account differences in age and cognitive level \[[@CR46]\]. Within each age band (children, adolescents, adults), participants were recruited with a similar male:female ratio (3:1) and IQ composition so that predicted cognitive/biological differences can be compared across sex and developmental stages. Likelihood ratio tests confirmed that the targeted male:female ratio did not differ significantly across schedules (*x* ^*2*^(2) = 1.41, *p* = .494) and study sites (*x* ^*2*^(5) = 2.69, *p* = .754), as well as between ASD and TD groups within each age band (all *p* \> .1).

Clinical measures---ASD symptomatology {#Sec9}
--------------------------------------

Given the cautious conclusions of recent reviews of ASD symptom measures as potential endpoints for clinical trials \[[@CR59]--[@CR61]\], we used a range of different measures of ASD symptoms (a full list of all clinical measures is reported in the Additional file [1](#MOESM1){ref-type="media"}: Table 3). These various ASD symptom measures have complementary strengths and limitations, relevant to our clinical and conceptual understanding of measurement of ASD symptomatology \[[@CR57]\]. The parent-report ADI-R algorithm gives historical/early developmental symptom severity; the ADOS is an observational measure of current symptom severity. Both are diagnostic instruments. The ADOS has a standardised 'calibrated severity score', that is equivalent across different modules while the ADI-R produces raw algorithm scores in the three core ASD behavioural domains but is more susceptible to skew. The ADI and ADOS were not administered to the typically developing controls or mild ID cases without ASD. In addition, dimensional measures of ASD symptomatology were derived from a variety of questionnaires (described below). Each of these questionnaires was parent rated and/or self rated depending on age and cognitive level (see Table [2](#Tab2){ref-type="table"} for a summary of parent-report and participant self-report questionnaires). The use of both parent and self-report in a subsample will allow us to determine if the pattern of age and sex differences in ASD and associated psychiatric symptoms varies by respondent, which will have implications both for mapping putative biomarkers onto the ASD phenotype and for their use as outcomes in clinical trials. The *Social Responsiveness Scale, Second Edition* (SRS-2; \[[@CR58]\]) is a parent-reported symptom questionnaire suitable across the whole age range (and is sex normed) that in addition has a self-report companion measure suitable for adolescents and adults. Other questionnaire measures (*Autism Spectrum Quotient* (AQ; \[[@CR62]--[@CR64]\]); *Children's Social Behaviour Questionnaire* (CSBQ; \[[@CR65]\])/*Adult Social Behaviour Questionnaire* (ASBQ; \[[@CR66]\]) are designed as more dimensional/trait measures of ASD severity and have different versions across the age span. The inclusion of multiple dimensional measures of ASD symptom severity will allow us to test which measure best relates to neurobiological or neurocognitive biomarkers and is most sensitive to change over time. Other questionnaires measure aspects of the ASD phenotype not well captured by the SRS-2, including atypical sensory responses (*Short Sensory Profile* (*SSP*; \[[@CR67]\]) and repetitive, rigid and stereotyped behaviours (*Repetitive Behavior Scale-Revised* (*RBS-R*; \[[@CR68]\]).Table 2Summary of parent-report and participant self-report questionnairesPhenotypic measuresAdults (TD)Adults (ASD)Adolescents (TD/ASD)Children (TD/ASD)Mild ID (ID/ASD)Dimensional measures of ASD symptoms Social Responsiveness Scale-2nd Edition (SRS-2),SS & PS & PPP Children's Social Behaviour Questionnaire (CSBQ)\--PPP Adults' Social Behaviour Questionnaire (ASBQ)SS & P\--P (\>18 years) Autism Spectrum Quotient (AQ)---adult versionSS & P\-\-- Autism Spectrum Quotient (AQ)---adolescent version\--P\-- Autism Spectrum Quotient (AQ)---child version\-\--PP Repetitive Behaviour Scale-Revised (RBS-R)-PPPP Short Sensory Profile (SSP)-PPPPPsychiatric symptoms DSM-5 ADHD rating scaleSS & PPPP Beck Anxiety InventorySSSPP Beck Depression InventorySSSPP*S* self-report (completed by participant), *P* parent-report (completed by primary carer or parent of participant), *S & P* self- and parent-report administered; *-* not administered

The *Autism Diagnostic Observation Schedule (ADOS*; \[[@CR53], [@CR54]\]), a standardised social interaction observation assessment, was used to assess current symptoms in ASD participants (module 2 for 2 participants, module 3 for 154 participants, module 4 for 208 participants). Calibrated Severity Scores (CSS) for Social Affect (SA), Restricted and Repetitive Behaviours (RRB) and Overall Total were computed \[[@CR69], [@CR70]\], which provide standardised autism severity measures that account for differences in the modules administered. The *Autism Diagnostic Interview-Revised* (*ADI-R*; \[[@CR55]\]), a structured parent interview, was completed with parents/carers of ASD participants. Standard algorithm scores which combine current and historical symptom information were computed for Reciprocal Social Interaction (Social), Communication, and Restricted, Repetitive and Stereotyped Behaviours and Interests (RRB). Current ADI-R scores were available on a subset of the ASD sample (356/414 (86%)) but are not reported in the current paper. Where ADOS and ADI-R scores from previous assessments were available (ADOS: within the past 12 months for children/past 18 months for all other schedules; ADI-R: at any historical point since we report the 4 to 5 years/ever algorithm scores), these assessments were not repeated.

The *Social Responsiveness Scale, Second Edition* (*SRS-2*; \[[@CR58]\]) is a quantitative measure comprising 65 items asking about characteristic autistic behaviour over the previous 6 months. Each item is scored using a '0' (not true) to '3' (almost always true) on a Likert scale. The total raw score is transformed into sex-specific *T* scores, and here, we report both raw and sex-standardised scores. Parent report was used for all participants with ASD and mild ID, as well as children and adolescents with typical development. Adults with ASD additionally completed the self-report form. Adults with typical development only completed the self-report form as, for feasibility reasons, in this schedule, parents were not enrolled in the study.

The *Repetitive Behavior Scale-Revised* (*RBS-R*; \[[@CR68]\]) assesses restricted repetitive behaviours associated with ASD. Parents or caregivers rate 43 behaviours (e.g. 'arranges certain objects in a particular pattern or place'; 'need for things to be even or symmetrical') on a scale of 0--3, where 0 indicates the behaviour does not occur and 3 indicates the behaviour does occur and is a severe problem.

Sensory processing atypicalities were measured using the SSP \[[@CR67]\]. This parent-report questionnaire comprises 37 items, where each item is scored on a 5-point Likert-rating scale from 1 (always occurs) to 5 (never occurs). The SSP is based on the sensory profile \[[@CR71]\]. Lower scores on the SSP are indicative of greater impairment.

The CSBQ \[[@CR65]\] is a 49-item parent-report questionnaire that is specifically useful in assessing behaviour atypicalities across the entire ASD spectrum. Adults received the ASBQ for either self or parent report, composed of 44 items \[[@CR66]\].

The AQ \[[@CR62]--[@CR64]\]) is a continuous self- or parent-report measure that quantifies the degree to which children, adolescents or adults of average intelligence show behavioural characteristics associated with ASD. The AQ consists of 50 statements asking about habits and personal preferences. Each statement is rated by the participant or parent/carer on a 4-point Likert-rating scale from 'definitely agree', 'slightly agree', 'slightly disagree' to 'definitely disagree'. While adult participants completed the AQ by self-report, the adolescent version is parent report but is otherwise composed of the same items compared to the adult AQ. The AQ-Child also entails parent-report, yet items that were not age appropriate in the adolescent/adult questionnaire were revised accordingly.

Intellectual ability {#Sec10}
--------------------

Level of intellectual abilities was assessed using the Wechsler Abbreviated Scales of Intelligence---Second Edition, WASI-II \[[@CR72]\] or---in countries where the WASI is not translated (i.e. The Netherlands, Germany and Italy)---the four-subtest short forms of the German, Dutch or Italian WISC-III/IV \[[@CR73], [@CR74]\] for children or WAIS-III/IV \[[@CR75], [@CR76]\] for adults. The shortened versions were used for feasibility reasons to not further prolong the testing sessions for participants. All versions included two verbal subscales (vocabulary, similarities) and two non-verbal subscales (block design, matrix reasoning). To standardise data across sites, IQ was prorated from two verbal subtests (vocabulary and similarities) and two performance subtests (matrix reasoning and block design) using an algorithm developed by \[[@CR77]\] that produces an estimated IQ score that is highly correlated (*r* = .93) with a full-Scale IQ obtained by administering the complete test. Age-appropriate national population norms were available for each participating site, and these were used to derive standardised estimates of an individual's intellectual functioning. Where recent IQ scores from previous assessments were available (less than 12 months in children; less than 18 months in adolescents and adults), IQ tests were not repeated.

Clinical measures---co-occurring psychiatric symptoms {#Sec11}
-----------------------------------------------------

The *Beck Depression Inventory---Second Edition* (BDI-II; \[[@CR78]\]) is a 21-item inventory measuring the severity of characteristic attitudes and symptoms associated with depression. Each item contains four possible responses, which range in severity from 0 (e.g. '*I do not feel sad'*) to 3 (e.g. '*I am so sad or unhappy that I can't stand it'*). Participants are asked to provide answers based on the way they have been feeling over the past month, including the assessment day. The self-report version of the BDI-II was administered to adult participants. Parents/caregivers completed the depression subscale of the *Beck Youth Inventories* (BYI-II; \[[@CR79]\]) for children and adolescents/adults with mild ID. Adolescents were given the depression subscale of the BYI-II as self-report.

The *Beck Anxiety Inventory* (BAI; \[[@CR80]\]) is a well-validated 21-item inventory probing for common symptoms of anxiety. Participants rate each item along different levels of symptom severity experienced over the past month from 0 = not at all to 3 = severely. The self-report version of the BAI was administered to adult participants. Children and adolescents/adults with mild ID were given the anxiety subscale of the Beck Youth Inventories (BYI-II; \[[@CR79]\]) as parent-report, while adolescents completed the anxiety subscale of the BYI-II as self-report.

The *DSM-5 rating scale of attention-deficit/hyperactivity disorder (ADHD)* covers 18 items measuring the presence of inattention and hyperactive/impulsive symptoms in the past 6 months, each evaluated on a 0--3 scale (0 = not at all to 3 = very often). In children, six or more responses scored with 2 (often) or 3 (very often) to either (or both) the inattention and hyperactivity/impulsivity domains indicate clinical concern. Depending on age and ability level, either parent- or self-report forms were administered.

Quality control procedures {#Sec12}
--------------------------

Appropriate to a multi-centre, cross-national study, we established quality control procedures around training, data collection and data entry and checking. We had cross-site training sessions for collecting clinical data, the ADOS and ADI-R were administered and scored by qualified/certified personnel and the study was regularly monitored according to good clinical practice standards. Of the total number of ADI-R assessments (4--5 ever/diagnostic) administered to participants (*N* = 414), *N* = 162 were re-used from previous studies, while for the ADOS (*N* = 364), a total of *N* = 61 were re-used (all completed within the previous 12 months). Prior to data analysis, a series of quality control procedures were adopted to maximise coherence and comparability of data. This involved initial randomised double data entry of 10% of cases at each site for core clinical measures (e.g. ADI-R, ADOS, IQ data). If a significant level of incorrect/inconsistent data was identified, all data was checked against the original paper forms. Other procedures also included impossible values/range checks of all items, sub-scales and total scores for interview and questionnaire measures, duplicated entry detection and correction, as well as data audits and checks of scoring algorithms. When missing data was present, site coordinators were asked to secure the information if possible.

Across all clinical measures, we have applied a prorating approach to deal with missing scores. Prorating replaces the missing score for a given participant with her/his mean score on other items on the same sub-scale. Prorating was only applied if less than 20% of scores on the same sub-scale were missing. For a higher percentage of missing scores, prorating was not applied (i.e. data for these participants was recorded as missing).

Statistical analysis {#Sec13}
--------------------

Statistical analysis was performed with the following objectives:To examine whether there are age and/or sex differences in the severity of ASD symptoms by comparing individuals with ASD across different age groups (children, adolescents, adults);To examine whether differences in age (i.e. ADOS) or sex (i.e. ADI-R, ADOS) are observed on diagnostic instruments as well as on continuous measures of ASD symptomatology (i.e. SRS-2, CSBQ/ASBQ, AQ, RBS-R, SSP) and whether these patterns are similar or different across parent- and self-report measures;To characterise the association between ASD symptoms and level of intellectual functioning;To characterise the severity of co-occurring psychiatric symptoms (i.e. ADHD, anxiety, depression) in individuals with ASD and to examine how these relate to age, sex and IQ.

Linear mixed-effects models were fit using a maximum likelihood estimation method and were executed using STATA software 14.0 \[[@CR81]\]. Differences in ASD symptomatology between individuals with ASD relating to age, sex and IQ were analysed by restricting the analysis to participants with ASD only since by definition ASD participants will score more highly than controls on ASD symptom measures. Each model (except for ADI-R diagnostic scores) included fixed main effects for study schedules (children, adolescents, adults and mild ID) and sex (male, female), as well as their interaction. In this paper, we treat age and IQ in two ways. First, both for clinical 'face validity' and to allow the comparison between the clinical characteristics of the LEAP cohort to previously published samples---often comprised of children, adolescents or adults only, with or without intellectual disability and not with the heterogeneity present in our cohort by design---we analyse and present the clinical data in the main paper according to the age/IQ-defined schedules outlined above. Second, in the (Additional file [2](#MOESM2){ref-type="media"}: Table S1), we present scores on some of the key measures continuously by age and IQ as this maximises the power of the large sample and recognises the arbitrary nature of creating age and IQ 'groups' by 'binning' the sample into pre-defined age and IQ subgroups. For the analysis by schedule, significant main and interaction effects were further explored using post-estimation methods including contrasts (Bonferroni-corrected for the number of post hoc comparisons for each measure separately) and margin plots. Log-transformed variables were used where appropriate to meet normality assumptions (RBS-R, SSP). A random effect for site was included in all models to take into consideration the multi-level nature of the data, as well as to account for site heterogeneity across outcome measures. Intraclass correlation coefficients (ICCs) reflecting the ratio of between-site variance to total variance are reported (see Table [4](#Tab4){ref-type="table"}). All models included a continuous measure of IQ (full-scale IQ) as a covariate (Additional file [3](#MOESM3){ref-type="media"}: Table S2). Linear mixed models report chi-square coefficients and *p* value. Effect sizes were calculated following \[[@CR82]\] by dividing the difference in marginal means by the square root of the variance at the within-participant level. This measure of effect size is equivalent to Cohen's *d* or standardised difference \[[@CR83]\], where an effect size of 0.2 to 0.3 is taken to be a small effect, 0.5 a medium effect and greater than 0.8 a large effect. For the analyses reported in the (Additional file [2](#MOESM2){ref-type="media"}: Table S1) that treat age and IQ as continuous variables, we performed linear mixed-effects models to take into account site effects yet replacing the categorical age/ability level variable with continuous measures of chronological age and IQ.

Results {#Sec14}
=======

Participant characteristics are shown in Table [3](#Tab3){ref-type="table"}.Table 3Sample characteristicsTotalAdultsAdolescentsChildrenMild IDASDTD/IDASDTDASDTDASDTDASDIDSexN43730014210912694101686829Males (%)72.36572.5677769.171.361.864.751.7Females (%)27.73527.5332330.928.738.235.348.3Age (in years)M16.6817.2222.7923.1014.8615.339.409.5218.0919.30SD5.805.943.373.271.731.731.581.544.274.97Range6.08--30.606.24 -30.7818.02--30.6018.07--30.7812.07--17.9012.04--17.996.08--11.976.24--11.9811.50--30.1912.92--30.24Full-scale IQM97.61104.57103.99109.15101.59106.58105.29111.4665.8463.39SD19.7418.2614.8212.6015.6813.1814.7612.697.708.00Range40^a^--14850--14276--14876--14275--14377--14074--14876--14240^a^--7450--74*ASD* autism spectrum disorder, *TD* typically developing, *Mild ID* intellectual disability^a^There are 3 individuals with a full-scale IQ \<50

Demographics {#Sec15}
------------

In the total sample, the mean (SD) chronological age was 16.9 (5.9) years, with similar distributions of age for individuals with ASD (*M* = 16.7, *SD* = 5.8) and TD/mild ID individuals (*M* = 17.2, *SD* = 5.9), *x* ^*2*^(1) = 1.84, *p* = .175. Of the 737 participants, 511 were men and 226 were woman (2.3:1 male-female ratio). While overall, the male-female ratio was significantly but only slightly higher across individuals with ASD (2.6:1) relative to TD/mild ID individuals (1:9:1) (*x* ^*2*^(1) = 5.49, *p* = .019), it was not significant within each age band (all *p* \> .1). For annual household income, there was a significant interaction between diagnosis and schedule (*x* ^*2*^(4) = 26.10, *p* = .0001), with individual comparisons indicating that household income was significantly higher in TD children compared to children with ASD (*x* ^*2*^(1) = 13.61, *p* = .0009). For both paternal (*x* ^*2*^(4) = 10.86, *p* = .028) and maternal education (*x* ^*2*^(4) = 19.08, *p* = .0008), a significant interaction between diagnosis and schedule was found. Individual contrasts revealed that the level of paternal and maternal education was significantly higher in TD children relative to children with ASD (*x* ^*2*^(1) = 5.11, *p* = .024 and *x* ^*2*^(1) = 6.55, *p* = .042 respectively). There were no differences in ethnicity between TD/mild ID and ASD participants overall and within each age band (all *p* \> .4).

Site effects {#Sec16}
------------

The random effect for site included in all the models was significant for all the key demographic and diagnostic measures except for sex and ADOS Total and Social Affect CSS (see Table [4](#Tab4){ref-type="table"}). The ICCs shown in Table [4](#Tab4){ref-type="table"} indicate that while the effect of site was large for age (\~25%), reflecting the variable recruitment targets across age schedules and across sites (see Table [1](#Tab1){ref-type="table"}), for other measures, it was low to moderate, being less than 1% for sex ratio, less than 6% for IQ, between 9 and 15% for ADI-R scores and less than 8% for ADOS scores.Table 4Summary of variation between sites in demographic and behavioural characteristics and level of ASD symptomatology for individuals with ASD onlyRanges across sitesVarianceMinimumMaximumMeanSDOverall mean (SD)Within sitesBetween sitesICC^a^*x* ^2^ sig. valueChronological age \[years:months\]6:07--19:824:5--30:614:8--25:03:2--6:316:7 (5:8)29.879.91.249*p* \< .0001Sex, % of male participants66.1--80.672.3 (4.48)0.46\<.01\<.001^b^n.s.^c^Verbal IQ45^d^--70130--16093--11014--2197 (19)382.1812.61.031*p* \< .0001Nonverbal IQ45^d^--68134--15093--10716--2398 (21)430.8224.39.054*p* = .0001Full-scale IQ40^d^--73128--14896--10512--2298 (20)373.4516.35.042*p* = .001ADI-R Social interaction0--424--2912--196--717 (7)42.264.33.093*p* \< .0001 Communication0--317--269--165--513 (6)28.104.97.150*p* \< .0001 RRB0--18--123--52--44 (3)6.06.85.122*p* \< .0001ADOS---CSS Total110^c^5--92--35 (3)2.77.35\<.001^b^n.s. SA110^c^6--72--36 (3)6.88.11.016n.s. RRB19--104--82--35 (3)7.29.60.076*p* \< .0001Sample size^e^221597254*ICC* intraclass correlation coefficient, *ADI*-R Autism Diagnostic Interview-Revised, *ADOS CSS Total, SA, RRB* Autism Diagnostic Observation Schedule Calibrated Severity Scores for Total, Social Affect and Restricted and Repetitive Behaviours, *IQ* intelligence quotient, n.s. not significant^a^The ratio of between-site variance to total variance^b^ICC truncated at zero^c^The highest possible score (i.e. ceiling) on the instrument^d^There are 3 individuals with a full-scale IQ \<50 (All ASD)^e^Sample size variation of individuals with ASD across sites (minimum/maximum, mean and standard deviation of number of participants with ASD recruited at sites)

Diagnostic ASD measures---sex and age effects {#Sec17}
---------------------------------------------

On the ADOS, male ASD participants had significantly higher CSS Total (*x* ^*2*^(1) = 15.81, *p* = .0001, *d* = .46) and CSS Social Affect (SA) (*x* ^*2*^(1) = 12.71, *p* = .0004, *d* = .44) than females with ASD and was approaching significance for CSS Restricted and Repetitive Behaviours (RRB) (log-transformed, *x* ^*2*^(1) = 3.15, *p* = .076, *d* = .22) (see Table [5](#Tab5){ref-type="table"} and Fig. [1](#Fig1){ref-type="fig"}). A significant interaction between sex and schedule was found for CSS Total (*x* ^*2*^(4) = 16.97, *p* = .002) and CSS SA (*x* ^*2*^(4) = 13.32, *p* = .009). Individual comparisons indicated that only in adolescents, males had significantly higher ADOS CSS Total than females (*x* ^*2*^(1) = 5.93, *p* = .04, *d* = .56).Table 5Sex differences for key measures for ASD and TD/ID participants (pooled across schedules)ASDTD/IDMalesFemalesMalesFemalesAutism symptomatology measures  *ADI---Social*17.01 (6.78)15.36 (6.89)----  *ADI---Communication*13.55 (5.86)12.58 (5.33)----  *ADI---RRB*4.57 (2.66)3.74 (2.52)----  *ADOS---CSS Total*5.73 (2.83)4.60 (2.49)----  *ADOS---CSS SA*6.31 (2.66)5.46 (2.56)----  *ADOS---CSS RRB*5.03 (2.86)4.30 (2.69)----  *SRS-2* ^*a*^71.50 (11.70)73.65 (12.18)47.49 (9.97)48.07 (9.17)  *SRS-2* ^*b*^62.37 (9.91)66.48 (11.14)48.48 (6.08)46.55 (6.13)  *CSBQ* ^*a*^46.86 (17.01)46.94 (15.62)7.55 (12.56)6.30 (8.50)  *ASBQ* ^*a*^32.78 (16.76)32.61 (16.55)14.67 (15.17)22.11 (20.76)  *ASBQ* ^*b*^30.34 (15.08)37.37 (15.75)8.11 (8.49)7.53 (8.97)  *AQ---child*94.26 (18.00)92.76 (17.39)45.21 (17.95)29.70 (10.07)  *AQ---adolescents*95.78 (17.66)96.32 (18.02)48.92 (20.43)44.75 (20.67)  *AQ---adults*81.03 (18.86)88.06 (20.78)49.46 (14.88)43.10 (14.05)  *RBS-R* ^*a*^17.16 (14.01)15.76 (13.48)2.58 (9.43)2.42 (5.02)  *SSP* ^*a*^138.12 (27.78)138.15 (26.83)175.17 (17.00)175.75 (17.46)Psychiatric symptom measures  *ADHD---inattentiveness* ^*a*^4.75 (3.13)4.05 (3.18)1.34 (2.19)1.23 (2.58)  *ADHD---hyperactivity/impulsivity* ^*a*^2.98 (2.91)2.47 (2.71)0.57 (1.57)0.54 (1.63)  *Anxiety* ^*a*^48.52 (8.68)49.14 (9.91)40.27 (7.75)38.64 (6.00)  *Depression* ^*a*^51.42 (11.82)50.44 (8.09)41.76 (10.47)39.77 (4.97)*ADI* Autism Diagnostic Interview--Revised, *ADOS CSS Total, SA, RRB* Autism Diagnostic Observation Schedule Calibrated Severity Scores for Total, Social Affect and restricted and repetitive behaviours; *SRS-2* Social Responsiveness Scale--2, *CSBQ, ASBQ* Children's Social Behaviour Questionnaire (parent-report, administered to children, adolescents), Adults' Social Behaviour Questionnaire (parent-report, administered to adults) scores cannot be pooled across age groups, *RBS-R* Repetitive Behavior Scale--Revised, *SSP* Short Sensory Profile, *AQ* Autism Spectrum Quotient (children, adolescents and adult version; scores cannot be pooled across age group^a^Parent-report^b^Self-report Fig. 1Boxplot of ADOS CSS Total scores by sex and for each schedule (ASD participants only)

A similar pattern of results was also observed on the ADI-R, where male ASD participants had more severe scores than female ASD participants on the Social (*x* ^*2*^(1) = 5.98, *p* = .015, *d* = .27), and Restricted and Repetitive Behaviours (RRB) domain (*x* ^*2*^(1) = 7.81, *p* = .005, *d* = .30) but not Communication domain (*x* ^*2*^(1) = 2.27, *p* = .131. *d* = .19). No significant effect of schedule was observed for ADI-R and ADOS scores (see Table [6](#Tab6){ref-type="table"}).Table 6ADI-R and ADOS scores by schedule for individuals with ASD onlyTotalAdultsAdolescentsChildrenMild ID*ADI-R---Social*16.54 (6.85)\
*n* = 41115.31 (6.87)\
*n* = 13217.27 (6.55)\
*n* = 12315.38 (6.76)\
*n* = 9419.45 (6.57)\
*n* = 62*ADI-R---Communication*13.13 (5.72)\
*n* = 41412.19 (5.76)\
*n* = 13213.63 (5.63)\
*n* = 12313.29 (5.75)\
*n* = 9613.87 (5.62)\
*n* = 63*ADI-R---RRB*4.33 (2.65)\
*n* = 4144.23 (2.62)\
*n* = 1324.28 (2.71)\
*n* = 1234.68 (2.79)\
*n* = 964.14 (2.36)\
*n* = 63*ADOS---CSS Total*5.39 (2.78)\
*n* = 3624.84 (2.80)\
*n* = 1105.78 (2.77)\
*n* = 1024.98 (2.65)\
*n* = 916.39 (2.65)\
*n* = 59*ADOS---CSS SA*6.06 (2.65)\
*n* = 3625.49 (2.70)\
*n* = 1106.44 (2.55)\
*n* = 1025.55 (2.58)\
*n* = 917.25 (2.38)\
*n* = 59*ADOS---CSS RRB*4.81 (2.83)\
*n* = 3624.80 (2.76)\
*n* = 1104.84 (2.61)\
*n* = 1024.84 (3.07)\
*n* = 914.75 (3.00)\
*n* = 59*ASD* (autism spectrum disorder), Mild ID (intellectual disability), *ADI-R* Autism Diagnostic Interview--Revised, *ADOS* Autism Diagnostic Observation Schedule

Dimensional ASD measures---sex and age effects {#Sec18}
----------------------------------------------

Parent-report and self-report data were analysed separately. For parent-reported SRS-2 raw scores, no significant sex differences were observed within the ASD group (*x* ^*2*^(1) = 0.01, *p* = .939). There were however significant differences in SRS-2 raw scores across the various schedules (*x* ^*2*^(3) = 16.82, *p* = .0008). Follow-up contrasts (Bonferroni-corrected *p* values) indicated that adults had significantly lower SRS-2 raw scores compared to children (*x* ^*2*^(1) = 13.93, *p* = .0006, *d* = .62) and adolescents (*x* ^*2*^(1) = 10.34, *p* = .0039, *d* = .52) (see Fig. [2](#Fig2){ref-type="fig"}) but not compared to adolescents/adults with ASD and mild ID (*x* ^*2*^(1) = 4.82, *p* = .084, *d* = .49). For parent-reported SRS-2 *T* scores (age- and sex-adjusted), while there were no significant sex differences within the ASD group (*x* ^*2*^(1) = 2.58, *p* = .108), SRS-2 *T* scores differed significantly across the various schedules (*x* ^*2*^(3) = 65.70, *p* \< .0001). Follow-up contrasts indicated that adults had significantly lower SRS-2 *T* scores compared to children (*x* ^*2*^(1) = 51.16, *p* \< .0001, *d* = 1.19) and adolescents (*x* ^*2*^(1) = 46.52, *p* \< .0001, *d* = 1.10), as well as compared to adolescents/adults with ASD and mild ID (*x* ^*2*^(1) = 12.43, *p* = .001, *d* = .80) (see Fig. [3](#Fig3){ref-type="fig"}). The interaction between sex and schedule was not significant (*x* ^*2*^(3) = 6.43, *p* = .169).Fig. 2SRS-2 raw scores (parent-report) by chronological age (ASD participants only) Fig. 3SRS-2 Total scores (parent-report) by chronological age (ASD participants only)

Adolescents and adults also completed the SRS-2 as self-report. On this measure, females had significantly higher SRS-2 raw scores (*x* ^*2*^(1) = 6.81, *p* = .009, *d* = .49) and *T* scores (*x* ^*2*^(1) = 7.02, *p* = .008, *d* = .50) than males overall. A significant interaction between schedule and sex was also observed for SRS-2 raw scores (*x* ^*2*^(1) = 9.60, *p* = .008) and SRS-2 *T* scores (*x* ^*2*^(1) = 9.89, *p* = .007). Follow-up tests revealed that adult ASD females reported significantly higher SRS-2 raw scores (*x* ^*2*^(1) = 8.38, *p* = .008, *d* = .60) and *T* scores (*x* ^*2*^(1) = 8.63, *p* = .007, *d* = .60) than adult ASD males, but there were no sex differences in adolescents.

In contrast to parent-reported SRS-2 *T* scores, adults had significantly higher self-reported SRS-2 *T* scores (*x* ^*2*^(1) = 6.57, *p* = .010, *d* = .36) and SRS-2 raw scores (*x* ^*2*^(1) = 6.55, *p* = .011, *d* = .36) than adolescents. On both the parent-report versions of the CSBQ and ASBQ, which were analysed separately due to differences in item and sub-scale structure, no main effect of sex or schedule and no significant sex by schedule interaction were observed. In contrast, for adults with ASD completing the ASBQ as self-report, females reported significantly higher scores than males (*x* ^*2*^(1) = 7.57, *p* = .006, *d* = .48).

Data on the AQ was analysed separately for children, adolescents and adults because different versions of the measure were used. On the Adult-AQ (self-report), sex differences were approaching significance with females having higher scores than males (*x* ^*2*^(1) = 3.40, *p* = .065, *d* = .39). Some group effects were found on the AQ-Adolescent, where adolescents with ASD and ID had significantly higher AQ scores than adolescents with ASD without ID (*x* ^*2*^(1) = 7.69, *p* = .006, *d* = .93).

Prior to analysis, total scores of the RBS-R were log transformed to meet normality assumptions. There was no significant effect of sex (*x* ^*2*^(1) = .32, *p* = .569) but a significant main effect of schedule (*x* ^*2*^(3) = 27.13, *p* \< .0001), with adults having significantly lower RBS-R scores relative to children (*x* ^*2*^(1) = 26.20, *p* \< .0001, *d* = .91) and adolescents (*x* ^*2*^(1) = 11.98, *p* = .001, *d* = .57). There was no significant interaction effect between sex and schedule.

On the SSP (using log-transformed total scores), no main effect of sex or schedule and no significant sex by schedule interaction were observed.

Intellectual functioning {#Sec19}
------------------------

The mixed-effects analysis revealed a significant interaction between schedule and diagnosis for full-scale IQ scores (*x* ^*2*^(4) = 25.13, *p* = .0001, see Table [3](#Tab3){ref-type="table"}), with significantly higher IQ scores in TD individuals compared to participants with ASD in the adult (*x* ^*2*^(1) = 8.60, *p* = .01, *d* = .39), adolescent (*x* ^*2*^(1) = 7.79, *p* = .02, *d* = .38) and children age groups (*x* ^*2*^(1) = 8.23, *p* = .017, *d* = .37). No significant differences in intellectual functioning were found between individuals with/without ASD and mild ID.

Examining the association between measures of ASD symptomatology and IQ (full-scale IQ) in individuals with ASD only, there were significant, albeit weak negative correlations between ADOS Total CSS and IQ (*r* = −.23; *n* = 358; *p* \< .0001), as well as between ADOS Social Affect CSS and IQ (*r* = −.23; *n* = 358; *p* \< .0001), with higher IQs being associated with lower symptom levels. There was no significant association between ADOS RRB CSS and IQ. Scores on the ADI-R Social domain (*r* = −.22; *n* = 404; *p* \< .0001) and ADI-R Communication domain (*r* = −.12; *n* = 407; *p* = .04), but not ADI-R RRB domain (*r* = .01; *n* = 407; *p* = .782), were also significantly associated with IQ. On dimensional measures of ASD symptom severity significant negative correlations between SRS-2 Total *T* scores (parent-report) and IQ (*r* = −.23; *n* = 350; *p* \< .0001) see (Additional file [3](#MOESM3){ref-type="media"}: Table S2), between SRS-2 raw scores (parent-report) and IQ (*r* = −.26; *n* = 350; *p* \< .0001), between ASBQ Total scores (parent-report) and IQ (*r* = −.38; *n* = 94; *p* = .0002) and between RBS-R Total scores and IQ (*r* = −190; *n* = 340; *p* = .0003) were observed. Scores on the SRS-2 (*T* scores and raw scores for self-report), AQ (child, adolescent and adult version), SSP and CSBQ (parent-report)/ASBQ (self-report) were not significantly associated with level of intellectual functioning.

Psychiatric symptom measures (analysed within the ASD participants only) {#Sec20}
------------------------------------------------------------------------

Due to limited availability of self-report data (TD: *n* = 14; ASD: *n* = 18), only parent-reported levels of ADHD symptoms were analysed. A large proportion of children with ASD (here defined as chronological age \<17 years according to the ADHD symptom checklist) scored in the clinical range on the inattentiveness (51%) and hyperactivity/impulsivity ADHD domains (28%). In contrast, the number of adolescents and adults with ASD that met clinical cut-off on these measures was somewhat lower (inattentiveness 41%; hyperactivity/impulsivity 13%). Among participants with ASD, males scored significantly higher than females on the inattentiveness domain (*x* ^*2*^(1) = 4.73, *p* = .030, *d* = .22) and hyperactivity/impulsivity domain (*x* ^*2*^(1) = 3.99, *p* = .046, *d* = .22). There was also a significant effect of schedule on both the inattentiveness domain (*x* ^*2*^(3) = 26.30, *p* \< .0001) and hyperactivity/impulsivity domain (*x* ^*2*^(3) = 71.73, *p* \< .0001), with adults with ASD having significantly lower symptom levels across these domains compared to children (inattentiveness: *x* ^*2*^(1) = 20.72, *p* \< .0001, *d* = .78; hyperactivity/impulsivity: *x* ^*2*^(1) = 69.35, *p* \< .0001, *d* = 1.32) and adolescents (inattentiveness: *x* ^*2*^(1) = 14.94, *p* = .0003, *d* = .54; hyperactivity/impulsivity: *x* ^*2*^(1) = 11.80, *p* = .002, *d* = .50). However, while no differences were observed between children and adolescents in inattentive symptom levels (*x* ^*2*^(1) = 0.60, *p* = .438), children with ASD had significantly higher levels of hyperactivity/impulsivity symptoms compared to adolescents with ASD (*x* ^*2*^(1) = 24.98, *p* \< .0001, *d* = .87). There was no significant interaction effect between sex and schedule.

Among participants with ASD completing the BAI or BYI-II as self-report, 24% of adults (26 of 108; i.e. raw anxiety scores 21+) and 18% of adolescents (12 of 66; sex-and age-adjusted *T* score 60+) scored in the moderate/severe clinical range. In children (TD: *n* = 51; ASD: *n* = 83) and adolescents/adults with mild ID (mild ID: *n* = 10; ASD: *n* = 29), symptoms of anxiety were assessed by the BYI-II through parent-report. In addition, some adolescents without ID (TD: *n* = 4; ASD: *n* = 17) received the BYI-II as parent-report. The proportion of individuals with ASD considered to present with a moderate/severe severity level in anxiety symptoms (same clinical cut-offs apply as above) was 12% for children (10 of 83), 7% for adolescents (2 of 29) and 27% for adolescents/adults with mild ID (4 of 15). No significant effects of sex or schedule were found across all anxiety scales.

For depressive symptoms as measured by the BDI-II or BYI-II as self-report, it was found that among participants with ASD, 22% of adults (24 of 107; raw depression scores of 21+) and 27% of adolescents (18 of 67; i.e. *T* score 60+) scored in the moderate to severe clinical range. In adults with ASD, females reported significantly higher depressive symptoms than males (*x* ^*2*^(1) = 11.66, *p* = .0006, *d* = .72) but not in adolescents (*x* ^*2*^(1) = .44, *p* = .507). The depression subscale of the BYI-II was administered to children (TD: *n* = 53; ASD: *n* = 86), adolescents/adults with mild ID (mild ID: *n* = 10; ASD: *n* = 29) and adolescents without ID (TD: *n* = 4; ASD: *n* = 17) and completed by their parents. Sixteen percent of children (14 of 86), 29% of adolescents (5 of 17) and 28% of adolescents/adults with mild ID (8 of 29) had scores in the moderate/severe clinical range (i.e. sex- and age-adjusted *T* score of 60+).

Association between psychiatric symptoms and intellectual functioning {#Sec21}
---------------------------------------------------------------------

Among participants with ASD, the association between psychiatric symptoms (depression, anxiety, inattention and hyperactivity/impulsivity) and intellectual functioning (full-scale IQ) was also assessed. There were significant but weak negative correlations between parent-reported symptoms of inattention and IQ (*r* = −.20; *n* = 345; *p* \< .0001), as well as between hyperactivity/impulsivity and IQ (*r* = −.17; *n* = 345; *p* = .001). On measures of anxiety, no significant correlation was found between self-report measures and IQ in adolescents (*r* = −.10; *n* = 66; *p* = .421), as well as between parent-report measures and IQ in children, adolescents and adolescents/adults with mild ID (*r* = −.05; *n* = 125; *p* = .555). There was however a significant, albeit weak negative correlation between anxiety symptoms (self-report) and IQ in adults with ASD (*r* = −.23; *n* = 108; *p* = .017). No significant association between depressive symptoms (parent- or self-report) and IQ was observed across all schedules (all *p* \> 0.1).

Associations between ASD measures {#Sec22}
---------------------------------

Figure [4](#Fig4){ref-type="fig"} shows the associations between the different questionnaire ASD symptom measures separately for the ASD and TD/ID participants. Within the ASD group, as expected, the parent-report global ASD symptom measures (SRS, CSBQ,/ASBQ, AQ) were highly inter-correlated (all *r* values \>.60, *p* \< .0001). The RBS-R measuring repetitive behaviour symptoms (*r* from .56 to .73, all *p* \< .0001) and the SSP measuring sensory symptoms (higher scores on the SSP indicate lower symptomatology; *r* from −.44 to −.70, all *p* \< .0001) were also strongly inter-correlated with the global symptom measures. Parent-report of ASD symptoms (SRS, CSBQ/ASBQ) was moderately to strongly associated with parent-report of both ADHD inattention and hyperactivity/impulsivity symptoms (all *r* \> .38, *p* \< .0001) but the parent-report AQ less so (see Fig. [4](#Fig4){ref-type="fig"}).Fig. 4Heatmap of correlations between ASD and psychiatric symptom measures (ASD *left diagonal*; TD/ID participants *right diagonal*)

Discussion {#Sec23}
==========

Clinical characteristics of the EU-AIMS LEAP cohort {#Sec24}
---------------------------------------------------

The EU-AIMS LEAP cohort is a large, well-characterised sample of individuals with ASD and controls ranging from young children to adults with a fairly wide range of IQ. The main groups of adult, adolescent and child participants with ASD and controls have IQs in the typical range with means close to the population average. The group of purposively sampled participants with and without ASD with mild ID (IQ range 50 to 74) is relatively small (*n* = 68 ASD; *n* = 29 non-ASD). Although the LEAP sample has an elevated IQ compared to the total population of individuals with ASD, of whom around 50% have an intellectual disability \[[@CR8], [@CR9]\], it is rare for experimental studies of biomarkers to include any participants with an IQ below 75. Participants were purposively sampled to enable in depth experimental characterisation of potential biomarkers (including MRI scans), and therefore we set a lower IQ limit of 50; however, we enrolled 3 participants with lower IQ but who were capable of completing all our minimal assessments. It is a notable limitation of the representativeness of the current sample that in common with many studies, we excluded ASD participants with severe intellectual disability and this remains a challenge to scientific enquiry, in particular perhaps in the domain of cognitive neuroscience \[[@CR84]\]. Related to this point, we note that the ADOS CSS scores were somewhat lower overall in the current LEAP sample (Table [7](#Tab7){ref-type="table"}) compared to other large cohorts such as the Simons Simplex Collection \[[@CR85]\] which predominantly consists of clinically ascertained samples and included participants with lower IQ than in the present volunteer research sample where IQ was restricted to IQ ≥50 due to the experimental protocol.Table 7Summary of ASD dimensional measures by schedule and groupTotalAdultsAdolescentsChildrenMild IDASDTD/IDASDTDASDTDASDTDASDIDAutism symptomatology measures  *SRS-2*72.12^a^ (11.75)\
*n* = 35747.96^a^ (9.64)\
*n* = 15864.39^a^ (10.85)\
*n* = 9947.59^b^ (5.89)\
*n* = 9074.31^a^ (10.71)\
*n* = 10545.71^a^ (6.38)\
*n* = 7575.04^a^ (11.25)\
*n* = 9044.86^a^ (5.28)\
*n* = 5776.41^a^ (9.93)\
*n* = 6364.55^a^ (10.29)\
*n* = 20  *CSBQ/ASBQ*46.88^a^ (16.59)\
*n* = 2257.10^a^ (9.94)\
*n* = 13932.05^b^ (14.88)\
*n* = 1027.85^b^ (8.65)\
*n* = 8244.95^a^ (16.87)\
*n* = 1055.88^a^ (8.71)\
*n* = 7545.93^a^ (16.37)\
*n* = 875.21^a^ (7.91)\
*n* = 5355.55^a^ (13.74)\
*n* = 3324.55^a^ (10.61)\
*n* = 11  *AQ*----82.53 ^be^ (19.49)\
*n* = 10547.26^be^ (14.92)\
*n* = 8294.66^ad^ (17.92)\
*n* = 9942.63^ad^ (16.49)\
*n* = 7092.74^ac^ (17.18)\
*n* = 8639.46^ac^ (17.15)\
*n* = 5499.36^ad^ (17.33)\
*n* = 2881.30^ad^ (12.02)\
*n* = 10  *RBS-R*16.75^a^ (13.85)\
*n* = 3462.52^a^ (8.04)\
*n* = 15710.73^a^ (10.13)\
*n* = 91--16.53^a^ (13.95)\
*n* = 1061.01^a^ (2.09)\
*n* = 7319.21^a^ (12.94)\
*n* = 871.07^a^ (2.17)\
*n* = 5622.55^a^ (16.82)\
*n* = 6211.86^a^ (18.62)\
*n* = 22  *SSP*138.13^a^ (27.46)\
*n* = 293175.39^a^ (17.12)\
*n* = 141155.62^a^ (23.88)\
*n* = 60--137.35^a^ (26.85)\
*n* = 96180.52^a^(11.00)\
*n* = 62130.31^a^ (24.77)\
*n* = 85175.68^a^ (12.75)\
*n* = 56132.17^a^ (28.37)\
*n* = 52155.11^a^ (28.43)\
*n* = 19*n*s are lower for some measures due to missing data*SRS-2* Social Responsiveness Scale--2, *CSBQ/ASBQ* Children's Social Behaviour Questionnaire (parent-report, administered to children and adolescents), Adults' Social Behaviour Questionnaire (self-report, administered to adults), *RBS-R* Repetitive Behavior Scale--Revised, *SSP* Short Sensory Profile, *AQ* Autism Spectrum Quotient (children, adolescents or adult version)^a^Parent-report^b^Self-report^c^AQ-Child^d^AQ-Adolescent^e^AQ-Adult

Reflecting recruitment from multiple research sites in four countries from existing research cohorts and from different clinic and volunteer sources, there were significant site effects on the core characterisation measures identified in the mixed-effects models. However, ICCs were mostly below 10% (the exception was age which reflects that some sites only sampled across some of the schedule groups). This reflects that there was considerable heterogeneity of cognitive ability levels and scores on core diagnostic measures within each site but systematic differences between sites on these measures ranged from minimal to moderate only. The quality control procedures we implemented give us confidence in the coherence and comparability of data collected across six sites.

In addition to the well-established diagnostic measures ADI-R and ADOS, we have further characterised ASD symptomatology using a range of dimensional parent-report (and, in adolescents and adults, self-report) measures of global ASD symptom severity (SRS-2, CSBQ/ASBQ, AQ) as well as specific measures of repetitive (RBS-R) and sensory (SSP) symptoms. Furthermore, we have also acquired questionnaire measures of the most commonly occurring psychiatric symptoms found in individuals with ASD \[[@CR7], [@CR40]\]---ADHD, anxiety and depression. In terms of the biomarker discovery aims of the EU-AIMS LEAP project overall \[[@CR46]--[@CR49]\], this comprehensive clinical characterisation of such a large sample will enable us to test for associations between putative biomarkers while including potential moderating or stratification factors including sex, age, IQ and co-occurring psychiatric symptoms.

Sex differences in ASD symptoms {#Sec25}
-------------------------------

We examined sex differences in ASD severity that have been reported in some but not all previous studies \[[@CR18]\]. Across the whole sample, males with ASD had more severe symptom scores than females on some domains of the ADOS and the ADI-R, including both social communication and repetitive behaviours. Some previous studies have found higher levels of repetitive behaviours but not higher social communication symptoms in males vs. females \[[@CR19], [@CR21]\], but others have reported higher levels of social communication symptoms in females \[[@CR22], [@CR23]\]. In contrast, we found no sex differences on the parent-report questionnaire measures of ASD symptoms (SRS-2, CSBQ/ASBQ, RBS-R and SSP). Diagnostic measures like the ADOS and ADI-R differ from the parent-report ASD symptom questionnaires in several ways, including that the ADOS is an observer-rated measure of current ASD symptoms and the ADI-R algorithm domain scores assess historical symptom severity (4 to-5 years and ever). The parent-report and self-report questionnaires by design are intended to measure symptoms or traits in a more continuous or dimensional fashion compared to these diagnostic tools. However, it remains unclear as to why males had higher ASD symptom severity scores on the diagnostic measures but not the questionnaire measures. One possible explanation is a bias or expectation of researchers administering the ADOS and ADI-R, perhaps due to expectations about sex differences---for example awareness of female compensatory behaviours and strengths---in ASD symptom profiles. Another possibility is that parent-reported questionnaire measures are influenced by parents' gender stereotypes. Alternatively, diagnostic measures that tap variation in clinical level symptoms and 'trait' measures of individual differences across populations of the ASD phenotype are of a different kind, although recent twin studies suggest that they share a common genetic architecture \[[@CR86]\]. A final point to note is that, with the notable exception of the SRS-2, none of the other measures have sex-specific norms which should be a future goal for further psychometric development of ASD symptom measures (Table [8](#Tab8){ref-type="table"}) \[[@CR18], [@CR87]\].Table 8Summary of psychiatric symptom measures by schedule and groupTotalAdultsAdolescentsChildrenMild IDASDTD/IDASDTDASDTDASDTDASDIDPsychiatric symptom measures  *ADHD---inattentiveness*4.55^a^ (3.15)\
*n* = 3501.29^a^ (2.34)\
*n* = 1533.18^a^ (3.19)\
*n* = 940.88^b^ (1.67)\
*n* = 844.82^a^ (3.19)\
*n* = 1060.88^a^ (1.79)\
*n* = 755.20^a^ (2.98)\
*n* = 880.67^a^ (1.60)\
*n* = 545.21^a^ (2.67)\
*n* = 625.17^a^ (2.85)\
*n* = 18  *ADHD---hyperactivity/impulsivity*2.83^a^ (2.86)\
*n* = 3500.56^a^ (1.59)\
*n* = 1531.22^a^ (1.72)\
*n* = 940.55^b^ (1.32)\
*n* = 842.70^a^ (2.78)\
*n* = 1060.19^a^ (0.82)\
*n* = 754.41^a^ (2.93)\
*n* = 880.35^a^ (1.15)\
*n* = 543.27^a^ (2.99)\
*n* = 622.94^a^ (2.94)\
*n* = 18  *Anxiety*----15.05^bc^ (12.76)\
*n* = 1044.41^bc^ (5.19)\
*n* = 8549.92^bd^ (10.63)\
*n* = 6544.42^bd^ (7.55)\
*n* = 6547.81^ad^ (8.96)\
*n* = 8338.33^ad^ (5.18)\
*n* = 5149.17^ad^ (9.45)\
*n* = 2945.40^ad^ (12.45)\
*n* = 10  *Depression*----14.11^bc^ (12.41)\
*n* = 1033.88^bc^ (4.93)\
*n* = 8551.48^bd^ (10.55)\
*n* = 6645.56^bd^ (8.05)\
*n* = 6649.98^ad^ (10.22)\
*n* = 8639.29^ad^ (4.71)\
*n* = 5653.17^ad^ (10.07)\
*n* = 2950.20^ad^ (18.01)\
*n* = 10*n*s are lower for some measures due to missing data*ADHD---inattentiveness* (ADHD rating scale---inattentiveness subscale), *ADHD---hyperactivity/impulsivity* (ADHD rating scale---hyperactivity/impulsivity subscale), *Anxiety* Beck Anxiety Inventory, Depression (Beck Depression Inventory--Second Edition)^a^Parent-report^b^Self-report^c^Raw scores^d^Standardised scores

Age and IQ differences in ASD symptoms {#Sec26}
--------------------------------------

On the diagnostic measures (ADOS and ADI-R), there were no age differences in symptom severity. However, on the SRS-2 (a parent-report global measure of ASD symptoms), adults with ASD had lower symptom severity than adolescents and children and the ASD group with mild ID. A similar pattern was found on the parent-report measure of restricted, repetitive and stereotyped behaviour, the RBS-R, with adults with ASD scoring lower than all other groups. The findings were corroborated when age was analysed in a continuous fashion rather than according to the age and ability schedule presented here (see Additional file [2](#MOESM2){ref-type="media"}: Table S1). This is consistent with a number of other studies showing reduced ASD symptoms in adulthood, including samples followed longitudinally since childhood \[[@CR34]--[@CR36]\]. With only one time-point of data, we cannot yet determine if the age differences in symptom severity are due to cross-sectional differences in sampling or true in nature but the accelerated longitudinal design of the LEAP study will allow us to investigate this in the future.

Social communication symptoms as measured by the ADOS Social Affect CSS and ADI-R Social and Communication domain scores were moderately negatively associated with IQ---with higher scores in those with lower IQ---but this was not the case for the ADOS RRB CSS or the ADI-R RRB domain. On the continuous measures of ASD symptomatology, the SRS-2 and RBS-R were also correlated negatively with IQ but the AQ and SSP were not. Note, however, that even when these associations were significant in this large and well-powered sample, the variance in common between IQ and symptom measures (*r*-squared) was only \~5%. This is in line with previous studies where low IQ has been modestly but significantly associated with higher levels of ASD symptom severity \[[@CR41], [@CR42]\]. This may, in part, reflect the fact that many diagnostic and dimensional measures of ASD symptomatology include a mixture of developmental abilities or skills and frank atypical behaviours, in particular for children and adolescents. Alternatively, individuals with ASD with higher cognitive ability might develop compensatory or alternative strategies to develop social communication skills resulting in slightly reduced symptom presentation. When looking at associations between putative ASD biomarkers and measures of the core ASD phenotype and co-occurring psychiatric symptoms, it will be important to consider the effect of IQ as associations dependent or independent of intellectual ability might indicate different neurobiological mechanisms.

Co-occurring psychiatric symptoms {#Sec27}
---------------------------------

Among individuals with ASD, males had higher levels of inattentive and hyperactive/impulsive symptoms than females and both inattentive and hyperactive/impulsive symptoms were lower in adults than in adolescents, as has been found in non-ASD samples \[[@CR88]\]. Female adults with ASD reported higher levels of depressive, but not anxiety, symptoms than males. This finding is potentially important to emphasise so that clinicians do not overlook possible symptoms of depression in adult females with ASD. The proportion of individuals with elevated anxiety scores is lower in the current sample than in many previous studies, but note that we were using questionnaire screening measures of psychiatric symptoms and not diagnostic instruments where 30 to 40% of individuals with ASD have met criteria for an anxiety disorder \[[@CR7], [@CR89]\]. Parent-report and self-report of co-occurring psychiatric symptoms were weakly negatively correlated with IQ, consistent with some previous studies \[[@CR38], [@CR45]\]. Most parent-report measures of ASD symptoms were moderately to strongly associated with parent-report of both ADHD inattention and hyperactivity/impulsivity symptoms \[[@CR90]\] (and similarly for self-reported ASD symptoms and self-reported associated psychiatric symptoms) but the AQ somewhat less so (see Fig. [4](#Fig4){ref-type="fig"}). Parent-report of ASD symptoms was only moderately associated with self-reported anxiety and depression, as has been previously reported in ASD \[[@CR91]\] and non-ASD samples \[[@CR92]\]. We note that the validity of assessments of psychiatric symptoms in samples of individuals with ASD is unknown, perhaps especially with respect to anxiety symptoms, although the measures we chose are widely used, including in previous studies in ASD.

Self-report measures of the ASD phenotype {#Sec28}
-----------------------------------------

In contrast to the higher symptom scores in males compared to females on the diagnostic measures the ADOS and ADI-R (but not on parent-report questionnaire measures of symptom severity), in a sub-sample of adults and adolescents with ASD able to self-report on the SRS-2, ASBQ and AQ female adults reported higher levels of symptoms than males. A similar pattern has been reported in previous studies \[[@CR93], [@CR94]\] and may be due to higher self-reflective ability in adult females than males with ASD, identity-driven 'biases' or truly heightened ASD traits. The different pattern of findings for self- vs. parent-report of ASD symptoms might also indicate an effect described as 'masking' or 'camouflage' in (adult and adolescent) females with ASD whereby symptoms appear ameliorated to observers (in this case parents) due to compensatory social engagement skills \[[@CR18]\]. We also found contrasting patterns of self- vs. parent-report of ASD symptoms with respect to age, with parent report SRS-2 scores showing lower symptoms in adults than adolescents but self-report finding the reverse. One important contribution the current study makes is the inclusion of a range of ascertainment methods of ASD symptoms including clinician observation and both parent- and self-report. These are important considerations both for identifying biomarkers associated with the ASD phenotype and potentially for use as outcome measures in future clinical trials. The issues raised are complex and go beyond the sample description contained in the current paper but include what it might mean if biomarkers relate to one type of measure but not another and what measures (e.g. clinician-report vs. parent-report vs. self-report) should be used as outcome measures in clinical trials and who gets to make these choices \[[@CR61]\].

Relevance of in-depth clinical characterisation for biomarker analysis {#Sec29}
----------------------------------------------------------------------

Within the framework of the NIH Research Domain Criteria (RDoC; \[[@CR95]\]) initiative, core neurobiological or genetic systems vulnerabilities might map better onto neurodevelopmental or neurocognitive systems than the disorder-specific behavioural domains. This guided the 'deep phenotyping' approach we have taken in the EU-AIMS LEAP study to characterise the cohort not only comprehensively in terms of their ASD and co-occurring disorders behavioural phenotype but also at the level of structural and functional brain development, neurocognitive function and biochemical and genomic assays \[[@CR46]\], consistent with other 'big data' approaches in psychiatry \[[@CR17]\].

Choices as to *which* ASD symptom measures should be used for biomarker validation need to be informed by a number of considerations. These include statistically guided principles regarding distributions (in both cases and controls). Across the range of ASD phenotypic measures acquired in the LEAP sample, some are highly skewed even in the ASD sample (e.g. SSP), while other measures are dimensional and more akin to 'trait' measures and have considerable variation in both the ASD and control samples (e.g. SRS-2, CSBQ/ASBQ, AQ). Although skewed data can be statistically transformed back towards normality, non-parametric, ordinal or categorical approaches can also be adopted but this needs to be mapped back onto the clinical phenomena that any phenotypic measure is assaying. Another consideration will be the extent to which potential biomarkers are examined in terms of their association with 'domains' or 'sub-domains' of the ASD phenotype, for example within the repetitive behaviours domain there is some evidence at the genetic level that different genes might associated with 'lower' vs. 'higher' levels of repetitive behaviour \[[@CR96]\]. Finally, we have reported both raw and age and sex-normed *T* scores on an instrument such as the SRS-2 in this clinical paper but for biomarker analysis raw un-adjusted scores allows a more neutral mapping onto the phenotypic behaviour.

The diagnostic measures have particular characteristics that might make them useful at different levels/stages in the biomarker validation process. For example, the ADI-R diagnostic algorithm domain scores are based on past history and in particular the early developmental period (age 4 to 5 years) when it has been proposed that ASD presentation is most prototypical \[[@CR97]\]. On the other hand, the ADOS is a researcher/clinician-rated observational measure and is therefore less likely to suffer from the same potential 'halo effect' when a parent is rating (for example, on two questionnaires) different behavioural characteristics (e.g. ASD and ADHD), thus reducing systematic rater bias.

We have also found modest but robust associations between severity of ASD symptoms and participant characteristics such as age, sex and IQ as well as with levels of co-occurring psychiatric symptoms. These considerations will be important for considering the sensitivity and specificity of any associations found between the ASD phenotype and potential biomarkers. The associations between potential stratification biomarkers and ASD symptoms can be tested in models that include these factors where they are associated with the ASD phenotypic scores themselves. The LEAP cohort has purposively been 'deep phenotyped' at a number of levels so that biomarker detection analysis in this large sample can take account of these factors.

Conclusions {#Sec30}
===========

The in-depth clinical characterisation of the EU-AIMS LEAP cohort will allow us to test how a wide range of potential biological and neurocognitive biomarkers \[[@CR46]--[@CR49]\] are associated with both diagnostic and more dimensional measures of the core ASD phenotype. We will be able to test whether these associations are influenced by the presence of commonly co-occurring psychiatric symptoms, as well as whether they differ across males and females or according to age or intellectual ability. In addition, the pattern of associations we have found in the LEAP cohort differs across the clinician observational and parent- vs. self-report questionnaire measures and both conceptual and methodological considerations should guide how these issues are addressed in stratification biomarker analysis. The inclusion of multiple dimensional measures of ASD symptom severity will allow us to test which measure relates best to neurobiological or neurocognitive biomarkers and is most sensitive to change over time. This would have important implications for choosing appropriate outcome measures in future clinical trials. We anticipate that as the EU-AIMS LEAP cohort is followed into the future, it will become a key resource of autism discovery science.
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ADHD

:   Attention-deficit/hyperactivity disorder

ADI-R

:   Autism Diagnostic Interview-Revised

ADOS

:   Autism Diagnostic Observation Schedule

AQ

:   Autism Spectrum Quotient

ASBQ

:   Adult Social Behaviour Questionnaire

ASD

:   Autism Spectrum Disorder

BAI

:   Beck Anxiety Inventory

BDI-II

:   Beck Depression Inventory---Second Edition

BYI-II

:   Beck Youth Inventories

CIMH

:   Central Institute of Mental Health

CSBQ

:   Children's Social Behaviour Questionnaire

CSS

:   Calibrated Severity Scores

DSM-5

:   Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition

DSM-IV

:   Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition

DSM-IV-TR

:   Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition text-revision

EU-AIMS

:   European Autism Interventions---A Multicentre Study for Developing New Medications

ICC

:   Intraclass correlation coefficient

ICD-10

:   International Statistical Classification of Diseases and Related Health Problems, 10th Revision

ID

:   Intellectual disability

IoPPN

:   Institute of Psychiatry, Psychology and Neuroscience

IQ

:   Intelligent quotient

KCL

:   King's College London

LEAP

:   Longitudinal European Autism Project

MRI

:   Magnetic resonance imaging

P

:   Parent-report

RBS-R

:   Repetitive Behavior Scale-Revised

RDoC

:   Research Domain Criteria

RRB

:   Repetitive and Restricted Behaviours

RUNMC

:   Radboud University Nijmegen Medical Centre

S

:   Self-report

SA

:   Social Affect

SRS-2

:   Social Responsiveness Scale, Second Edition

SSP

:   Short Sensory Profile

TD

:   Typically developing

UCAM

:   Autism Research Centre, University of Cambridge

UCBM

:   University Campus Bio-Medico

UMCU

:   University Medical Centre Utrecht

WAIS-III/IV

:   Wechsler Adult Intelligence Scale---Third Edition/Fourth Edition

WASI-II

:   Wechsler Abbreviated Scales of Intelligence---Second Edition

WISC-III/IV

:   Wechsler Intelligence Scale for Children---Third Edition/Fourth Edition

At four additional sites (UCAM, CIMH, UCBM and UMCU) following assessment, a minority of participants with ASD were allocated to the Mild ID group due to measured IQ falling in the 50--74 range (see Table [1](#Tab1){ref-type="table"}).

There are three individuals with a Full-scale IQ \<50 in the sample (all ASD).
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